Background: India has more than 5.7 million people infected with human immunodeficiency virus (HIV). In 2004, the Indian government began providing antiretroviral therapy (ART), and there are now an estimated 56 500 people receiving ART.
Introduction
There are an estimated 5.7 million people in India who are infected with human immunodeficiency virus (HIV); of these, approximately 785 000 are in need of antiretroviral therapy (ART) [1, 2] . The availability of generic ART in India since the year 2000 has reduced the price of first-line drugs to less than US$1 per day and significantly increased access to treatment [3] . In 2004, the government of India began providing ART free to patients as part of its National AIDS Control Program, with the objective of starting 100 000 people on treatment by 2007 [1] . By the beginning of 2007, approximately 56 500 people were receiving ART through the government program and 10 000-20 000 were receiving ART through other sources [4] . The government now aims to provide ART to 300 000 adults and 40 000 children over the next 5 years as part of the next phase of the National AIDS Control Program [4] .
As the government and private sector continue to develop HIV treatment programs in India, evidence on optimal strategies for initiation and stopping ART might help inform treatment guidelines. The government of India National AIDS Control Organization (NACO), the Association of Physicians of India, and the World Health Organization (WHO) guidelines recommend starting ART in patients with CD4 counts less than 200 cells/ml and considering ART in patients with CD4 counts between 200 and 350 cells/ml [5] [6] [7] . The optimal timing of initiation of ART between CD4 counts of 200 and 350 cells/ml, and the importance of opportunistic infections in that policy, remain to be determined. Further, as second-line ART has a greater role in the management of HIV infection, the need for evidence to inform the criteria for sequencing and stopping ART is becoming critical. This analysis examines the clinical impact and costs associated with different strategies for starting and stopping treatment, in addition to the costeffectiveness of both first-and second-line ART.
Methods

Analytic overview
We utilized an international simulation model of HIV disease that incorporates data on natural history, treatment efficacy, and costs of care from India. We projected both the life expectancy and the cost-effectiveness associated with one effective ART regimen ('first-line'), and the incremental cost-effectiveness of switching to a second regimen ('second-line') after a diagnosis of failure of the initial regimen.
Model outputs included projected undiscounted life expectancy, discounted life expectancy, and discounted lifetime direct costs. All costs are reported in 2005 US dollars (US$). Costs and life years were discounted at a rate of 3% per year [8] . The comparative value of alternative strategies for starting ARTwas evaluated using cost-effectiveness ratios in which the cost and clinical benefit associated with each strategy were compared incrementally with those of the next less expensive strategy within an appropriate comparison set [8] . Costeffectiveness results are reported in 2005 US$ per year of life saved (YLS).
The Cost-Effectiveness of Preventing AIDS Complications International Model
The Cost-Effectiveness of Preventing AIDS Complications (CEPAC) International model is a previously published, state-transition model of HIV disease [9, 10] . The model simulates disease progression in a hypothetical cohort of HIV-infected patients and tracks outcomes on a monthly basis. Patients move between three main health states -chronic disease, acute event, and deathwith the intention of capturing the frequency of both clinical events and resource use. Patients enter the model in the chronic state and may experience decreases or increases in CD4 cell count, depending on the availability of effective ART. Patients enter a temporary acute state when an opportunistic infection or drugrelated toxicity occurs. Death as a result of HIV disease or other causes can occur from either a chronic or acute state.
In the absence of effective ART, the level of HIV RNA determines the rate of decrease in CD4 cell count [11] . Disease progression is characterized by decreases in CD4 cell count, and CD4 cell count determines the incidence of opportunistic infections and mortality resulting from HIV disease. ART that effectively suppresses HIV RNA generally results in both an increase in CD4 cell count at rates reported in clinical trials and a decrease in the incidence of opportunistic infections and mortality that is independent of changes in CD4 cell count [7, [12] [13] [14] [15] . Co-trimoxazole prophylaxis is initiated at CD4 cell counts less than 200 cells/ml or at the occurrence of any opportunistic infection [16, 17] ; its use decreases the incidence of bacterial infections and Pneumocystis jiroveci pneumonia, but increases the rates of mild fungal infections [18] . Prophylaxis is included with all ART strategies and, once started, co-trimoxazole prophylaxis is stopped only in the case of major toxicity.
Simulated patients are followed in the model one at a time, and the model tracks each patient's clinical progression. After a patient dies, the model tallies clinical events, total life months, and accrued costs, and a new patient enters the model. One million patients are simulated for each treatment strategy, to obtain stable estimates of long-term outcomes per patient. The model is programmed in C and compiled in Visual Cþþ 6.0 (Microsoft). Additional details regarding the model structure have been described elsewhere [9, 10, 19] .
Simulated strategies
Antiretroviral therapy was initiated on the basis of CD4 cell count or with the occurrence of any severe opportunistic infection (severe bacterial infection, severe fungal infection, tuberculosis, malaria, toxoplasmosis, Pneumocystis jiroveci pneumonia, or any other severe infection), whichever came first. When the criterion was CD4 cell count, ARTwas initiated when a laboratory test detected a CD4 cell count at or below the thresholds of 200, 250, or 350 cells/ml. CD4 cells were measured every 6 months, and opportunistic infections were assumed to be detected during the first month in which they occurred.
Antiretroviral therapy was stopped after it was presumed to 'fail' as defined by either a 90% decline from peak CD4 cell count during treatment or upon the occurrence of any severe opportunistic infection that occurred 6 or more months after the initiation of treatment. We included this 6-month lag time for consideration of opportunistic infections as treatment failure in order to avoid discontinuation of ART in the case of immune reconstitution syndromes [20] . In strategies in which two regimens of ARTwere available, a patient was switched to the second regimen at the first of the following two events: (1) after a 50% decline from peak CD4 cell count on the first regimen; (2) upon the occurrence of any severe opportunistic infection 6 or more months after the start of the first regimen.
Baseline estimates for model variables
The simulated cohort consisted of treatment-naive, HIVinfected adults having age, sex, initial CD4 cell count, and HIV RNA levels similar to those of the cohort of 6918 patients who presented for care at the Y.R. Gaitonde Centre for AIDS Research and Education (YRG CARE) in Chennai, India from 1996 to 2005 (Table 1 ) [21] . Mean age was 32.6 years (SD 8.1 years), 66% of patients were male, and the initial mean CD4 count was 318 cells/ml (SD 291 cells/ml) at the time of presentation.
The incidence of opportunistic infections in the absence of ART was derived using incidence density analysis, stratified by CD4 cell count, from patients in the YRG CARE cohort ( Table 2 ) [23] .
Because of a lack of detailed data on AIDS-related mortality in India stratified by CD4 cell count, for the derivation of data on mortality (Table 3) we used estimates for opportunistic infection mortality and for the independent effect of ARTon mortality from the placebo arm of ANRS 059 in Côte d'Ivoire [10, 13, 25] . Non AIDS age-and sex-adjusted mortality estimates were from WHO life tables for India [26] .
As there are no published data on the efficacy of cotrimoxazole in India, its efficacy ( Table 4 ) was estimated from the results of ANRS 059, a randomized controlled trial of co-trimoxazole prophylaxis in another resourcelimited setting (Abidjan, Côte d'Ivoire), and from US data [18, 27] . We used an annual cost of US$9 for cotrimoxazole prophylaxis [28] .We estimated the virologic efficacy of ART (Table 5 ) using published clinical trial data. For the first-line regimen, we included a combination of the non nucleoside reverse transcriptase inhibitor (NNRTI), nevirapine, and the nucleoside reverse transcriptase inhibitors (NRTIs), stavudine and lamivudine, as recommended by the India National AIDS Control Organization and the WHO [5, 30] . We projected the efficacy of this regimen to be 55% (HIV RNA <400 copies/ml) at 48 weeks, with a concomitant mean increase in CD4 count of 132 cells/ml at 24 weeks. This efficacy was based on data from the Therapeutics Research, Education, and AIDS Training in Asia cohort and a previously published calibration of suppression in the model, with a per-person annual cost of US$222 [14, 28, 29] . In strategies with available options after first-line failure, the second-line regimen consisted of Antiretroviral therapy in India Freedberg et al. S119 ritonavir-boosted indinavir, and didanosine and lamivudine. The virologic efficacy of this regimen is 65% suppression (HIV RNA <400 copies/ml) at 48 weeks (mean CD4 count increase of 180 cells/ml at 48 weeks), with a per-person annual cost of US$1435 [15, 28] . Adherence reflects the background adherence rate that was in the population from which the efficacy data were derived. In the absence of long-term follow-up data in this setting, we conservatively assumed that a patient could maintain HIV RNA suppression for no more than 10 years on any given regimen. Therefore, for patients in the model who had not yet had virologic failure after 10 years on any specific regimen, we assumed virologic failure at 10 years.
Resource utilization was estimated using data from the YRG CARE cohort, updated to include an additional 1913 patients who presented to care at YRG CARE from 2005 to 2006. We calculated the number of inpatient and outpatient days associated with routine chronic care, acute events, and death, stratified by CD4 cell count ( Table 6 ). We multiplied utilization in days for each patient by the respective daily costs of inpatient and outpatient care at YRG CARE, updated to 2005 US$ [31] . The daily costs were derived from an analysis of costs at YRG CARE conducted by Family Health International [31] . S120 AIDS 2007, Vol 21 (suppl 4) Co-trimoxazole prophylaxis is associated with an increase in mild fungal infections [10, 18, 25] . 
Sensitivity analyses
We completed extensive sensitivity analyses on model variables to determine which had the greatest impact on study results. These included, but were not limited to, starting and stopping criteria for ART, including whether ART was continued after clinical failure, efficacy of cotrimoxazole and first-line ART regimens, relative efficacy of ART regimens when used as second-line for treatment-experienced patients, baseline distribution of CD4 counts, costs of ART drugs, CD4-specific mortality rates and incidence rates of opportunistic infections, rates of CD4 decline, and utilization and costs of CD4 tests and routine care. Sensitivity analyses were also conducted on all model variables that were not derived from data specific to India.
Incremental cost-effectiveness analysis
We evaluated incremental cost-effectiveness within sets of competing strategies. First, we compared alternative starting rules for ART, assuming no availability of secondline therapy. Next, we evaluated the incremental value of two lines of ART compared with a single line of ART, for each possible starting rule. Thirdly, we evaluated the incremental cost-effectiveness of the full set of strategies, including different starting rules, both with and without available second-line therapy. Finally, we performed several sensitivity analyses, in which we varied the criteria for stopping or switching therapies. We also considered one-line protease-inhibitor-based regimens and two-line strategies that began with a regimen containing a protease inhibitor, followed by a regimen containing an NNRTI [12, 13] .
Within each set of competing treatment strategies, we followed standard procedures for conducting incremental cost-effectiveness analyses [32] . Incremental cost-effectiveness ratios were calculated by comparing each strategy with the next less costly strategy in the ranked list. Strategies that had a greater incremental cost-effectiveness ratio than the next more costly one were considered 'weakly' dominated; they were eliminated from further consideration and incremental ratios for the remaining strategies were recalculated until no remaining strategies were dominated.
In order to place in perspective the potential costeffectiveness of different strategies for HIV care in India, we compared their cost-effectiveness ratios with the perperson Gross Domestic Product (GDP) in India (US$586 in 2005 US$). The WHO has suggested that, in many countries, health interventions that have an incremental cost-effectiveness ratio less than 3 times the per-person GDP (i.e., less than US$1758) would be considered 'costeffective,' and those less than the GDP itself would be 'very cost-effective' [33] .
Results
Base case analysis
Patients receiving neither ART nor co-trimoxazole prophylaxis, starting with mean CD4 counts of 318 cells/ml, had a projected discounted life expectancy of 34.5 months (37.5 months undiscounted), and a discounted lifetime cost of US$530 (Table 7) . Cotrimoxazole prophylaxis alone increased discounted life expectancy by 0.4 months for an additional discounted cost of US$50. With one line of ART available, cotrimoxazole prophylaxis in combination with stavudine/ lamivudine/nevirapine, starting at CD4 <200 cells/ml, increased discounted life expectancy to 62.4 months (70.8 months undiscounted) at a total discounted lifetime cost of US$1540. Starting ART earlier, at CD4 <250 cells/ml, increased discounted life expectancy by an additional 1.3 months. This earlier starting strategy weakly dominated the strategy of starting ART at CD4<200 cells/ml, and its associated increase in life expectancy is achieved at an incremental cost-effectiveness ratio of US$430/YLS compared with no treatment. Starting ART at CD4 <350 cells/ml increased projected discounted life expectancy to 64.7 months (73.6 months undiscounted), with an incremental cost-effectiveness ratio of US$550/YLS compared with a starting criterion of 250 cells/ml. Antiretroviral therapy in India Freedberg et al. S121 When we examined the implications of making available a second-line protease-inhibitor-based regimen, the life expectancy and costs of all ART strategies increased. Starting ART at CD4 <200 cells/ml provided a discounted life expectancy of 84.8 months (101.1 months undiscounted) at a discounted lifetime cost of US$4980. As in the case of a single ART regimen, this strategy was weakly dominated by a strategy that started ARTearlier, at a CD4 <250 cells/ml. The incremental cost-effectiveness ratios for the two-line ART strategies increased progressively from US$1060/YLS for starting ART at <250 cells/ml compared with no treatment, to US$1530/ YLS for starting at CD4 <350 cells/ml compared with starting at <250 cells/ml.
We then compared life expectancy and cost-effectiveness for two lines versus one line of available ART, under different starting criteria for CD4 cell count (Table 8) .
Depending on the CD4 starting threshold, the inclusion of second-line therapy increased discounted life expectancy by 22.4-24.2 months, with discounted lifetime cost increases of US$3440-3790. For all CD4 starting thresholds examined, the cost-effectiveness ratios for adding a second line of therapy compared with just one line ranged from US$1850 to US$1880/YLS. Figure 1 shows differences in mean discounted life expectancy and costs for all 14 starting strategies examined, including the use of a single-line protease S122 AIDS 2007, Vol 21 (suppl 4) inhibitor regimen, and the two-line strategies that begin with the protease inhibitor regimen. The solid curve, known as the efficient frontier, contains all those strategies that provided increased life expectancy for progressively increased cost. Strategies lying below and to the right of the curve were dominated. Strategies involving one line of an NNRTI-based regimen starting at CD4 <250 cells/ ml or <350 cells/ml lie on the efficient frontier. The only efficient two-line strategies were those that started at CD4 counts <350 cells/ml. Strategies beginning with a protease-inhibitor-based regimen and not including a second-line regimen were all inefficient compared with two-line treatment strategies.
Sensitivity analysis
Relative efficacy and costs of the second-line ART regimen, and whether therapy was stopped after immunologic failure, had the greatest impact on results, whereas stage-specific mortality, incidence of opportunistic infections, CD4 decline, frequency of CD4 tests, efficacy of co-trimoxazole, and routine care costs were less influential.
If the cost of the protease inhibitor (indinavir/ritonavir) was decreased by 50%, then the total per-person lifetime cost of the strategy involving two lines of ART starting at CD4 <250 cells/ml decreased from US$5140 to US$3940, and the incremental cost-effectiveness ratio compared with single-line ART with the same starting criterion decreased from US$1850 to US$1230/YLS ( Table 9 ).
The initial mean CD4 count of the cohort had a substantial effect on life expectancy. For example, a cohort that had a mean CD4 cell count of 218 cells/ml had a discounted life expectancy of 79.3 months, compared with 86.7 months for a cohort starting at a mean CD4 of 318 cells/ml when starting a two-line regimen at a CD4 count of <250 cells/ml. Despite changes in life expectancy, total lifetime costs also increased as the life expectancy of the cohort increased, and therefore incremental cost-effectiveness ratios -both between starting criteria and between single-line and two-line strategies -did not vary substantially. Similarly, efficacy of the protease-inhibitor-based regimen had an impact on overall survival but not on the costeffectiveness of therapy.
Life expectancy and lifetime costs were also affected by whether ART was continued after clinical or virologic failure of the last regimen. If ART was continued until death, then lifetime costs increased from US$1580 to US$2700 for one line of therapy and from US$5140 to US$8010 for two lines of therapy, each starting at CD4 <250 cells/ml. For the two-line strategy with a starting criterion of CD4 <250 cells/ml, the incremental costeffectiveness ratio of not stopping ART after virologic failure compared with stopping ART after failure was US$3250/YLS.
Because an increased number of regimens may require increased laboratory testing and clinical skills, we performed sensitivity analysis on the frequency and cost of CD4 tests, the addition of HIV RNA testing every 6 months, or increasing the cost of routine HIV care to account for increased clinical skills for ART decisionmaking. None of these showed a change in the ordering of strategies or policy conclusions about cost-effective- Moving up and to the right, points on the curve show strategies that are more effective and increasingly expensive. Points below and to the right of the line are dominated, or less efficient than, strategies that lie on the curve (see text for details and regimens). ART, antiretroviral therapy; NNRTI, non nucleoside reverse transcriptase inhibitor; PI, protease inhibitor. ness. In addition, if the results of the base-case government roll-out program are compared with a suboptimal program that might take place in the private sector, with potentially lower virologic and clinical success rates, the cost-effectiveness of the government program does not change substantially.
Discussion
In 2004 the Indian government began a program of public coverage of ART to address the growing problem of HIV/AIDS in India. Using an initial regimen of stavudine, lamivudine and nevirapine, at a cost of US$222 per person per year, the program has now enrolled 56 500 patients in more than 100 centers nationally [4] . The goal is to increase those numbers more than fivefold over the next 5 years.
We used a detailed HIV simulation model with data from YRG CARE in Chennai, India, to project the clinical outcomes and cost-effectiveness of alternative HIV treatment strategies, and the impact of more expensive second-line therapy. We found that co-trimoxazole alone provided a small clinical benefit with very little additional cost. This is consistent with data from several countries, and reflects that co-trimoxazole is both highly effective and inexpensive [18, 25, 27, 34] . By preventing very common HIV complications, including bacterial infections and Pneumocystis jiroveci pneumonia, it can provide a simple, rapid, highly effective intervention for the initial management of HIV infection.
The analysis showed that a single regimen of ART nearly doubled discounted life expectancy, from 34.5 life months with no therapy to 63.7 life months with ART starting at CD4 <250 cells/ml and co-trimoxazole. Starting ART with CD4 <350 cells/ml further increased discounted life expectancy to 64.7 life months, with a cost-effectiveness ratio of US$550/YLS compared with starting at <250 cells/ml, suggesting that starting ART in India at CD4 <350 cells/ml is cost-effective. However, strategies beginning with a protease inhibitor rather than an NNRTI were very expensive, without substantial added efficacy.
As HIV-infected patients in India begin to fail first-line therapy, the question of second-line therapy is becoming increasingly important [35] . We found that the inclusion of second-line therapy with a ritonavir-boosted indinavir-based regimen further increased discounted life expectancy to between 84.8 and 88.9 months, depending on starting CD4 cell count. The lifetime costs of care also increased, but were highly dependent on the cost of the protease inhibitor. At current protease inhibitor costs, however, the incremental cost-effectiveness ratio for two lines of therapy compared with one line of therapy, ranging from US$1850 to US$1880/YLS, is very close to the three-times GDP threshold for cost-effectiveness as cited by WHO [33] .
In sensitivity analyses, we identified the clinical and cost parameters with the greatest impact on the results. Cost of the protease-inhibitor-based regimen had a major impact on the cost-effectiveness of any strategies that included protease inhibitors. Furthermore, decisions about whether to stop a protease-inhibitor-based regimen after clinical failure had a greater impact on the results than did decisions about CD4 thresholds for starting therapy. This is because, whereas ART in patients with virologic failure provides some benefit through a decreased incidence of opportunistic infections or death, the magnitude of the benefit is much less than in patients in whom HIV is successfully suppressed [12, 13] . Any decisions about stopping therapy in patients who are deriving minimal, but some, benefit should be part of a wider discussion of the strategic use of resources for HIV prevention and treatment by persons living with HIV/AIDS, policy makers, clinicians, and public health officials in India.
This study offers several advantages over previous work on the cost-effectiveness of ART in India and other developing countries [36] [37] [38] . First, the model we used is based on more recent and fully documented data regarding the impact of ART on HIV-infected patients in India. Secondly, this study included more detailed modeling of the biologic processes involved in HIV disease and its treatment, including opportunistic infections, in addition to the distinctive benefits of different therapies in patients with varying biological characteristics.
The study also has several limitations. Although we used a previously published model, and derived India-specific data for each available model parameter, some data were unavailable for India, including the efficacy of cotrimoxazole and HIV-related mortality. For these parameters, we used data from another resource-limited setting, Côte d'Ivoire [10, 13, 18, 25, 27] . Similarly, the natural history and cost data were from one center in Chennai, so any generalization to other centers in India should be made with caution. However, we examined these model parameters in sensitivity analyses, and found that most site-specific parameters did not have a major influence on the outcomes. Moreover, varying the estimates for data not derived specifically from India had little impact on the results. The annual treatment costs used in our study (US$300/year for one line of ART), were also very similar to those published in a 2006 study (US$223-335/year) of the national governmental ART program in India [39] . We also did not consider economies of scale that occurred during roll-out. It is likely that there would be such economies during the early stages as treatment is expanded, and probable diseconomies in the later stages [37] .
This analysis also used a patient-based, rather than a population-based model such as that recently published by Over et al. [36] . Thus it does not capture in detail issues of HIV transmission or the role of transmission of resistant virus. However, the findings of several recent studies from the USA suggested that the impact and cost-effectiveness of ART is much greater for treated individuals than for transmitted 'secondary' cases [40] [41] [42] .
If ART regimens can achieve the efficacy found in published trials, ART will be highly effective and costeffective in India. Should the cost of protease inhibitors be decreased by at least 50%, as has been accomplished with NNRTIs, then the total lifetime per-person costs of care in India would be decreased from US$5140 to US$3940. If the national target is achieved, this would translate into savings of US$360 million over the lifetimes of the 300 000 adult patients who might be treated over the next 5 years. The pace of ART scale-up in India is beyond the scope of this paper, but decisions made by the government about that pace, and whether efforts are made to identify and prioritize for care those with advanced disease, will have a major impact both on survival and on total costs of care during the scale-up [43] . For 300 000 patients, total costs of care to payers would range from US$462 million for one line of ARTwith cotrimoxazole starting at CD4 <200 cells/ml, to US$1628 million for two lines of ARTwith co-trimoxazole starting with CD4 <350 cells/ml. Finally, we have modeled a standard of care based on current regimens and costs in India. Tenofovir has replaced stavudine in developed countries for first-line therapy, because it is associated with less lipodystrophy [44] . With recently announced decreases in the cost of tenofovir in middle-income and developing countries, it may also replace stavudine in initial ART regimens in India, with implications for long-term toxicity, survival, and cost [7, 45] .
India has now surpassed South Africa as the country with the largest number of HIV-infected people in the world [2] . The findings of this study show that current NNRTIbased therapy, if started before CD4 counts reach 250 cells/ml, will have a dramatic effect on survival and be very cost-effective. With a modest decrease in protease inhibitor costs, starting therapy with CD4 counts <350 cells/ml and including a second-line proteaseinhibitor-based regimen will have a further dramatic effect on survival and still be cost-effective.
